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We report on the observation of photogalvanic effects in twisted bilayer graphene (tBLG)
with a twist angle of 0.6◦. We show that excitation of tBLG bulk causes a photocurrent,
whose sign and magnitude are controlled by orientation of the radiation electric field and
the photon helicity. The observed photocurrent provides evidence for the reduction of the
point group symmetry in low twist-angle tBLG to the lowest possible one. The developed
theory shows that the current is formed by asymmetric scattering in gyrotropic tBLG. We also
detected the photogalvanic current formed in the vicinity of the edges. For both, bulk and
edge photocurrents, we demonstrate the emergence of pronounced oscillations upon variation
of the gate voltage. The gate voltages associated with the oscillations coincide well with peaks
in resistance measurements. These are well explained by inter-band transitions between a
multitude of isolated bands in tBLG.
Introduction. Twisted bilayer graphene has
emerged as one of the richest and most tun-
able systems in condensed matter physics, dis-
playing a multitude of symmetry broken states
such as correlated insulators, superconductors,
magnets and topological systems. Consisting
of two vertically stacked graphene sheets that
are slightly twisted with respect to one another
by a twist-angle θ, a large scale moir super-
potential is created between the layers, which
strongly modifies its electronic, optical, as well
as the mechanical properties, see e.g. [1–15].
Strikingly, for tBLG with small twist-angles θ
between 0.1◦ and 1◦, which results in an excep-
tionally large moir unit cell, the energy spec-
trum becomes quite complex with a multitude
of flat mini-bands. Furthermore, corrugation
and strain effects strongly modify the stacking
sequence in each unit cell, leading to the for-
mation of an intricate network of triangular AB
and BA regions, which are separated by topo-
logically non-trivial domain walls.7
Recent transport studies have already re-
vealed some of these attributes of small angle
twisted bilayer graphene (tBLG), however, at
this point in time, studies of their optical and
opto-electronic properties are still not existent.
Transport phenomena, which scale with the sec-
ond power of the high frequency electric field
(see e.g. review [16]), open up new opportuni-
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ties to study electron transport in tBLG. In par-
ticular, the unusual morphology and electronic
spectrum of small angle tBLG opens up entirely
new access to the investigation of the photogal-
vanic (PGE) and photon drag (at low frequen-
cies also called dynamic Hall) effects, which
have been previously observed in single and AB
bi-layer graphene16–28 and already found appli-
cations. For tBLG, however, such studies have
not yet been carried out.
Here we report on the observation of the
PGE excited in the bulk and edges of tBLG.
For linearly polarized radiation the photocur-
rent magnitudes and directions are controlled
by the orientation of the electric field vector,
whereas for circularly polarized radiation the
current direction is defined by the photon helic-
ity and reverses by switching from right- to left-
handed circularly polarized radiation and vice
versa. The observed effects show that the sur-
face symmetry of small-angle twisted graphene
is reduced as compared to the one expected
from regular tBLG. Variation of the back gate
voltage reveals that the photocurrent magni-
tude is an oscillating function of the gate volt-
age. Transport measurements carried out in
parallel to photocurrent measurements demon-
strate that the observed oscillations correlate
with the oscillation of the sample resistance.
We demonstrate that the PGE is caused by
asymmetric scattering of electrons driven by the
terahertz (THz) electric field. The developed
phenomenological and microscopic theories de-
scribe the observed photocurrents well. In par-
ticular, we show that the photocurrent oscilla-
tions as a function of the gate voltage are caused
by the shifting of the Fermi energy across well
separated almost flat bands, which in turn re-
sults in an oscillation of the density of states.
Devices and measurements. The
hBN/tBLG/hBN/graphite heterostructure was
prepared with a ”tear and stack” van der
Waals assembly technique.7 The two pieces of
graphene were rotated by a slightly larger angle
of about 1◦ and finally relaxed into the twist
angle ≈ 0.6◦ during the assembling process.
The resulting stack consists of a 20 nm hexago-
nal boron nitride (hBN) top layer, tBLG, 16 nm
bottom hBN and 3 nm graphite, which also pro-
vides the back gate electrode. It was further
etched into Hall bar geometry as sketched in
the inset of Fig. 1, and contacted by Cr/Au
(5/50 nm) metal leads with a standard edge
contact technique.29 Transport measurements
were carried out in a He-4 based variable tem-
perature insert cryostat in a temperature range
from 1.5 to 100 K. We used standard low-
frequency lock-in technique to measure the re-
sistance in 4-terminal geometry with a 100 nA
excitation current at a frequency of 12 Hz. A
gate voltage in the range of ±3 V was applied
through an RC-filter. More details on the trans-
port data are given in the Suppl. Materials.
The photocurrents in the sample were driven
by the in-plane alternating electric field E(t) of
THz radiation generated by a continuous wave
molecular gas laser.30–32 With formic acid as
active medium radiation powers up to 20 mW
were obtained for the frequency f = 0.69 THz
(photon energy of ~ω = 2.87 meV). The laser
spot diameter of about 4 mm is substantially
larger than the sample size ensuring uniform
illumination of the tBLG structure. The radi-
ation polarization state was controllably varied
by means of lambda-half and lambda-quarter
retardation plates, which were used to rotate
the electric field vector E of linearly polarized
radiation and to change the radiation helicity,
respectively. The functional behavior of the
Stokes parameters upon rotation of the wave-
plates is summarized in the Suppl. Materials,
see also Ref. [33]. The photoresponse was mea-
sured as the voltage drop Uph directly over the
sample resistance applying lock-in technique at
a modulation frequency of 90 Hz.
Results. By illuminating the sample with
linearly polarized radiation we observed a pho-
tovoltage varying upon rotation of the radiation
electric field vector E after
U = UL1 cos 2α + UL2 sin 2α + U0 , (1)
representing a superposition of the Stokes pa-
rameters PL1 = cos 2α and PL2 = sin 2α with
different weights given by the fit coefficients
UL1, UL2 and U0, see Suppl. Materials. Here
α is the azimuth angle defining rotation of the
radiation electric field vector E with respect
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Figure 1: Panel (a): Dependence of the photovoltage on the azimuth angle α measured over
contacts C and F for applied gate voltages of 0.975 V and 1.475 V. Sample and contact geometry
as well as experimental setup are shown in the bottom right inset. Solid lines are fits after Eqs. 1
or theoretical Eqs. 2 and 4 yielding the same polarization dependence. The dashed lines show the
offset photovoltage U0. Arrows on top of both panels illustrate the states of polarization for several
azimuth angles α. The central inset shows a sketch of the sample layers. Panel (b): Red and blue
traces (left axis) show the dependence of the parameters UL1 and U0 on the gate voltage for the
bulk contribution, respectively. The gray curve depicts the longitudinal resistance Rxx. The inset
shows a schematic of tBLG in real space.
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Figure 2: Panel (a): Dependence of the photovoltage on the azimuth angle α measured at edge
contacts A-I and G-B (contact arrangement is shown in the inset in panel b) for an applied gate
voltage Ug = −1.275 V. Panel (b): Polarization dependence of the edge photovoltage calculated as
the halved difference of the upper two curves. The inset shows the contact geometry and defines
angle α. Panel (c): Dependence of the edge photocurrent on the azimuth angle α for temperatures
of 3, 4, and 7 K. The inset shows the dependence of the parameter UL2 on the temperature for edge
and bulk photocurrents. The data are obtained for Ug = 75 mV. Solid lines represent a guide for
the eye. Panel (d): Color map plot showing the dependence of the edge photocurrent on the gate
voltage Ug and the azimuth angle α. Panel (e): Dependence of UL2 (left axis) on the gate voltage
for the edge contribution (red curve). The gray curve depicts the longitudinal resistance Rxx.
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to the x-direction chosen parallel to the long
side of the Hall bar geometry as sketched in
the bottom inset of Fig. 1 (a). Characteris-
tic polarization dependencies obtained for sev-
eral gate voltages are shown in Figs. 1 (a) and
2 (a). Measurements for different pairs of con-
tacts revealed that the response is caused by the
photocurrents excited in the bulk as well as at
the edges of the tBLG sample. The character-
istic feature of the latter one is that the current
along opposite edges flows in opposite direc-
tions yielding opposite polarities of the photo-
voltage, as shown in Fig. 2 (a) for contact pairs
A-I and G-B. This feature allows us to extract
both, the edge contribution by calculating the
halved difference of the photovoltages measured
at two opposing edges, Uedge = (UA-I − UG-B)/2
(see Figs. 2 (b) and (c)), and the bulk contri-
bution by taking the halved sum of these sig-
nals, see inset in Fig. 2 (c). The dominating
bulk photoresponse is also obtained by mea-
suring signals across the sample as shown for
contacts C-F in Fig. 1 (a). Note that while in
the bulk photocurrent we detected comparable
contributions of the terms proportional to PL1
and PL2, in the edge photocurrent the former is
zero. Measuring the gate-voltage dependence
of the photoresponse we observed that both
bulk and edge contributions exhibit oscillations
upon variation of Ug depicted in Figs. 1 (b) and
2 (d,e). These figures point out that the data
correlate well with the oscillations of the sheet
resistance shown as gray solid curves. Note
that in the vicinity of the charge neutrality
point (CNP), the photoresponse changes sign
and vanishes at gate voltages corresponding to
the maximum of Rxx. Oscillations are clearly
detected for all amplitudes (UL1, UL2 and U0)
in Eq. (1). An increase of the temperature re-
sults in a decrease of the oscillation amplitudes
for both sheet resistance, see Suppl. Mater.,
and the photoresponse. Moreover, for a fixed
gate voltage the magnitude of the photocur-
rent substantially decreases with the temper-
ature increase, see the inset in Fig. 2 (c).
Applying circularly polarized radiation we ad-
ditionally observed bulk and edge photocur-
rents, whose direction reverses upon switch-
ing the circular polarization from right- (σ+)
to left-handed (σ−) one. This is exemplar-
ily shown in the insets of Fig. 3 for a cer-
tain range of gate voltages. This makes it
possible to extract the circular contribution as
UC = [U(σ
+) − U(σ−)]/2. Figure 3 points out
that both bulk and edge circular photocurrents,
alike earlier discussed photocurrents excited by
linearly polarized radiation, oscillate with the
variation of the gate voltage and the oscillations
correlate with that of the sheet resistance.
Theory and discussion. Stacking the two
slightly rotated graphene sheets on top of one
another creates a periodic superpotential, the
so called moir potential. While for larger twist-
angles the moir unit cell can be approximated
by a hexagonal unit cell and is described by the
point group D6, for twist-angles smaller than
1◦, strong lattice reconstruction due to corruga-
tions and strain was observed for tBLG.7 These
result in a formation of a triangular network
of AB and BA regions, which are connected
with each other by domain walls with topolog-
ical character. Since the resulting strain is not
uniform in the system, the shape of triangles
is distorted and the symmetry of such tBLG
is reduced. Note that the symmetry reduction
is also observed in twisted bilayer structures
of transition metal dichalcogenides with small
twist angles.34 In the samples studied in the
current work the twist anlge is approximately
0.6◦. Below we show that our experiments, in
particular the presence of the circular photocur-
rent, give evidence that the symmetry of such
tBLG is reduced to the point group C1. In
such systems, excitation with homogeneous ra-
diation at normal incidence results in a photo-
galvanic current,35,36 which is described by
ji = (CiPL1 + SiPL2 +Di + γiPcirc)|E0|2. (2)
Here i is either x or y, the THz radiation electric
field E = E0 exp (−iωt) + c.c., and Cx,y, Sx,y,
Dx,y and γx,y are eight linearly-independent co-
efficients which, due to the absence of any non-
trivial symmetry operation, are not related to
one another. Parameters PL1, PL2 and Pcirc are
the Stokes parameters. Their variation upon
rotation of λ/2 and λ/4 plates used in experi-
ments is given in the Suppl. Materials.
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The photocurrent described by Eq. 2 is in full
agreement with experimental results demon-
strating the above polarization dependence for
different pairs of contacts and revealing compa-
rable values of the coefficients Cx,y, Sx,y, Dx,y
and γx,y, see Figs. 1 (a), 2 (a) and 3. Im-
portantly, our observations give evidence for
the symmetry reduction to C1 point group in
tBLG with small twist angles, previously sug-
gested on the basis of TEM experiments.7 In-
deed only this symmetry allows for the polar-
ization independent linear photogalvanic effect
(LPGE) current given by the coefficients Dx,y
and the helicity driven circular photogalvanic
effect (CPGE) (∝ γx,y), both observed in the
experiment.
Now we turn to the microscopic mechanism
of the bulk photogalvanic current. In the THz
range, the electron transport is conveniently
described in terms of the electron distribution
function fp where p is the two-dimensional elec-
tron momentum. The distribution function
obeys the Boltzmann kinetic equation:
∂fp
∂t
+ eE · ∂fp
∂p
=
∑
p′
(Wpp′fp′ −Wp′pfp). (3)
Here Wp′p is the probability of electron scatter-
ing from a state with momentum p to a state
with momentum p′. The electric current den-
sity j is calculated as j = e
∑
ν,p fpvp, where ν
enumerates degenerate states at the Fermi level
(spin, valley), and vp = ∂ε/∂p is the electron
velocity with ε(p) being the electron dispersion.
In this kinetic approach, the microscopic rea-
son for the PGE current formation is the elec-
tron scattering asymmetry. It is crucial that
in non-centrosymmetric systems the scattering
probability fulfills Wpp′ 6= Wp′p and can be pre-
sented as35,37,38 Wpp′ = W
s
pp′ + W
a
pp′ , where
W spp′ = W
s
p′p is the symmetric part, and the
scattering asymmetry is described by W app′ =
−W ap′p, which is nonzero in systems of C1 sym-
metry.
The photocurrent is a second-order dc re-
sponse, and the corresponding correction to the
distribution function is obtained by two itera-
tions of the kinetic equation in powers of the
electric field E. The first iteration yields the ac
correction f
(1)
p = eτtr(−f ′0)E · vp where f0(ε) is
the Fermi-Dirac equilibrium distribution, prime
denotes the derivative with respect to the elec-
tron energy, and τtr is the transport scattering
time. The second iteration is more subtle: there
is a dc correction f
(2)
p obtained accounting for
the electric field at the second stage and then
for the scattering asymmetry. There is also an-
other dc correction δf
(2)
p which is obtained by
the opposite order of perturbations: first ac-
counting for W app′ and then for the electric field
(see Supplementary materials to Ref. [38]).
First we consider the photocurrent driven by
linearly polarized radiation. Application of the
linearly polarized THz field results in an align-
ment of electron momenta: the correspond-
ing stationary correction to the electron distri-
bution function f
(2)
p ∝ |E0|2 exp (±2iϕp) dis-
cussed above has a symmetry of the second an-
gular harmonics. The alignment of the electron
momenta itself, however, does not lead to the
dc electric current. The mechanism of the pho-
tocurrent formation is based on the scattering
asymmetry, which can be visualized as asym-
metric elastic scattering on equally oriented tri-
angles. This model was previously developed to
describe the photocurrent generation in trigonal
3D and 2D systems.37–39 While the model is de-
veloped for ideal triangles, it also describes tri-
angle shaped scatterers with distortions. How-
ever, in contrast to trigonal systems character-
ized by constraints on the coefficients in Eq. (2)
(Dx = Dy = Cy = Sx = 0, Cx = Sy, where y is
parallel to the triangle base), in low symmetric
tBLG with small twist angles these coefficients
become linearly independent.
Calculating the photocurrent with the distri-
bution f
(2)
p + δf
(2)
p we obtain that, for linearly-
polarized radiation, it is given by
jx,y = |E0|2evFσ(ω) (4)
×
{
− [v
3
Fτ2(Ξc,sPL1 + Λc,sPL2)]
′
v3F
+
1− ω2τtrτ2
1 + ω2τ 22
× τ2
τtr
τ ′tr[(Ξc,s ∓ Λs,c)PL1 ∓ (Ξs,c ± Λc,s)PL2]
}
.
Here the prime denotes the derivative with re-
spect to the Fermi energy, vF is the Fermi veloc-
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Figure 3: Gate voltage dependencies of the
bulk and edge circular photovoltages UC =
[U(σ+) − U(σ−)]/2 (left axis). Note that the
bulk photovoltage was offset by 90 nV/mW for
visibility. The gray curve depicts the longitu-
dinal resistance Rxx. Insets in the middle show
dependencies of the bulk and edge photocur-
rents excited by right- and left-circularly polar-
ized radiation. Bottom inset shows the experi-
mental geometry.
ity, σ(ω) = σ0/(1 +ω
2τ 2tr) is the high-frequency
conductivity with σ0 being the dc conductivity,
and the time τ2 is the relaxation time of the
alignment of electron momenta.38 We assumed
a parabolic energy dispersion with the density
of states independent of the Fermi energy. The
asymmetry of the scattering probability present
in the C1 point group is taken into account by
the factors Ξc,s,Λc,s  1 defined as:
Ξc(s) = τtr
∑
p′
〈
cosϕpW
a
p′p cos(sin)(2ϕp′)
〉
ϕp
,
Λc(s) = τtr
∑
p′
〈
sinϕpW
a
p′p cos(sin)(2ϕp′)
〉
ϕp
,
where the brackets denote averaging over the di-
rections of p at the Fermi circle, and the polar
angles are reckoned from the x axis. All contri-
butions with characteristic polarization depen-
dencies j ∝ PL1,2 are clearly detected in the
experiment, see e.g. Fig. 1 (a). The observed
decrease of the photocurrent amplitude with in-
crease of temperature, see the inset of Fig. 2 (c),
is caused by enhancement of the scattering by
phonons which suppresses the carrier mobility.
Now we turn to CPGE in the bulk. This
“circular” photocurrent at normal incidence is
forbidden by symmetry in trigonal systems,
and its appearance in low twist angle tBLG
is caused by the absence of reflection planes
in this system. In the kinetic theory, the
helicity-dependent photocurrent is obtained by
a procedure similar to the one described above
for linearly-polarized radiation. However, the
electron momentum alignment is a distribu-
tion which is independent of the light helicity.
Therefore, in contrast to linear polarization, the
helicity-dependent photocurrent in the kinetic
theory appears due to the correction δf
(2)
p only.
The resulting photocurrent is given by
jcircx,y = evFσ(ω)
ωτ2
1 + ω2τ 22
τ ′tr (5)
×
(
1 +
τ2
τtr
)
(Λc,s ∓ Ξs,c)Pcirc|E0|2.
This expression is specific for the C1 symmetry
of the studied system. For C3v symmetry, both
jcircx and j
circ
y are equal to zero due to the sym-
7
metry constraints (Ξs = Λc = 0, Ξc = −Λs).
Absence of reflection planes in the system under
study makes the factors Λc,s and Ξs,c linearly-
independent giving rise to a helicity-dependent
photocurrent at normal incidence. In exper-
iments, this photocurrent manifests itself by
opposite sign of the photoresponse excited by
right- and left-handed circularly polarized radi-
ation, see middle insets in Fig. 3. The temper-
ature dependence of the circular photocurrent
is similar to that of the LPGE current, which
is discussed above.
Now we discuss the observed edge photocur-
rent. Our analysis shows that in tBLG it has
the same nature as the edge currents observed
recently in bilayer Bernal-stacked graphene.28
Theory and mechanism of the edge photogal-
vanic current are described in detail in Refs. [
16,18,28,35], therefore, here we only give a brief
description of its basic mechanism. The edge
photocurrent is generated due to non-specular
(e.g. diffusive) electron scattering at the edge.
The corresponding photocurrent, flowing along
the edge, is excited either by linearly polarized
or circularly polarized radiation and is given by
J = −|E0|2 eτtr
m∗
σ(ω)
(
Pcirc
ω
+ PL2aτtr
)
. (6)
Here m∗ is the effective mass, a ∼ 1 is a numer-
ical factor,16,18,28 and the second Stokes param-
eter PL2 = (ExE
∗
y + EyE
∗
x)/|E0|2 is defined in
the axes (x, y) perpendicular to and along the
edge, respectively. This expression describes all
features observed in the experiment: The edge
currents are opposite at opposite edges of the
sample, and the edge current J varies at linear
polarization as PL2 = sin 2α, see Fig. 2 (b) and
(c). The temperature dependence of the edge
photocurrent is governed by the factor σ(ω)
similar to the bulk currents. Therefore its vari-
ation with temperature is similar.
We note that the theoretical model devel-
oped above assumes that the photocurrent is
generated due to asymmetric (skew) scattering
present due to the C1 symmetry of the struc-
ture. In addition, the band structure recon-
struction due to the symmetry lowering can
result in photocurrent contributions caused by
the Berry curvature and side jumps.40,41
Photocurrent oscillations. The observed
photocurrent oscillations upon variation of the
gate voltage, see Figs. 1 (b), 2 (d,e) and 3 are
specific for tBLG with small twist angle and
present the most exciting result of the present
work. These oscillations are observed for bulk
and edge photogalvanic currents and originate
from the band reconstruction. For tBLG near
the second magic angle, Hartree-Fock calcula-
tions yield a band structure consisting of mul-
tiple relatively flat moir bands, which are en-
ergetically separated and overlapping only by
semi-metallic Dirac cones between them.42 The
flat dispersion of the bands results in sharp
changes of the resistance at continuous varia-
tion of the Fermi energy resulting in the fill-
ing and emptying of these bands, see gray lines
in Figs. 1 (b), 2 (e) and 3 and Fig. 2 of the
Suppl. Materials. In the most recent work of
the Barcelona group describing a detailed mag-
netotransport study in similar structures nine
distinct resistance peaks as a function of car-
rier density were clearly observed.42 Each re-
sistance peak appears at equally spaced carrier
densities being multiples of ns (where ns is the
carrier density needed to fully fill one moir band
with four electrons per four-fold spin/valley de-
generate moir unit cell). Each resistance peak,
therefore, marks the point of inter-band transi-
tion between the separate moir bands. More-
over, the Hall measurements show that each
resistance peak in the gate dependent resistiv-
ity measurement is accompanied by a Hall den-
sity reversal.7 Consequently, the high-frequency
conductivity σ(ω) oscillates upon gate voltage
variation causing the oscillations of the pho-
tocurrent, which in turn are proportional to
σ(ω), see Eqs. (4) and (5). This mechanism ex-
plains the oscillating behavior of the photocur-
rent with the gate voltage variation demon-
strated in Fig. 3. A sign change of all pho-
tocurrent contributions detected in the vicin-
ity of the CNP, where the resistance exhibits
a strong maximum (see Figs. 1 (b), 2 (e) and
3), is caused by the sign change of the carrier
charge. This is a direct consequence of the PGE
current, which, in the absence of an external
magnetic field, is described by an odd function
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of the carrier charge (photogalvanics have C-
asymmetry).
The observed temperature smearing of the os-
cillations in the gate voltage dependence of the
photocurrent is caused by redistribution of car-
riers between the energy bands. A presence of
charge carriers in all bands at higher tempera-
tures results in the smoothing of oscillations in
the conductivity and, hence, in the photocur-
rent as seen in Eq. (4) where the current is pro-
portional to σ(ω).
Summary. To conclude, we have demon-
strated the emergence of terahertz radiation
driven photocurrents in tBLG structures which
show oscillations as a function of the gate volt-
age. Our results provide an evidence for the re-
duction of the point group symmetry of tBLG
with small twist angles to the lowest symme-
try group C1. The oscillations were found to
have a common origin with that of the struc-
ture resistance: Both are caused by inter-band
transition points between the separate almost
flat moir bands. The observed bulk and edge
photocurrents may pave the way for a deeper
understanding of the rich spectra of nonequi-
librium phenomena in tBLG offering an opto-
electronic access for their studies.
Supporting Information
Laser and methods. The photocurrents
in the sample were driven by the in-plane
alternating electric field E(t) of THz radia-
tion generated by a continuous wave molec-
ular gas laser30–32 operating at wavelength
λ = 432 µm (corresponding radiation frequency
f = 0.69 THz and photon energy of ~ω =
2.87 meV). The laser beam was focused onto
the sample by an off-axis parabolic mirror. The
beam profile, monitored by a pyroelectric cam-
era,43 has a shape close to the Gaussian funda-
mental mode. The laser beam was mechanically
modulated at a frequency fchop = 90 Hz and the
phase-locked signal was picked up with lock-in
amplifiers. Optical experiments were performed
in a helium flow cryostat with z-cut crystalline
quartz windows allowing the coupling of the
sample with normally incident polarized THz
radiation. Additionally, the entrance window
was covered by a thin black polyethylene foil
preventing sample illumination by visible and
near-infrared light.
Polarization measurements and varia-
tion of the Stokes parameters. The de-
veloped theory and experiment show that the
total photocurrent is proportional to the com-
bination of the Stokes parameters with different
weights. The Stokes parameters include the de-
grees of linear polarization PL1 in the basis (x,
y), and PL2 in the basis (x˜, y˜) rotated by 45
◦, as
well as the radiation helicity Pcirc and parame-
ter describing the radiation intensity s0. These
parameters are given by
PL1 =
|Ex|2 − |Ey|2
|E0|2 ,
PL2 =
ExE
∗
y + EyE
∗
x
|E0|2 ,
Pcirc =
i(ExE
∗
y − EyE∗x)
|E0|2 =
Iσ
+ − Iσ−
Iσ+ + Iσ−
,
s0 = |Ex|2 + |Ey|2 . (7)
with the intensity Iσ
+
(Iσ
−
) of the right- (left-)
handed polarized component, see e.g., Ref. [44].
In the main text of this work we focused on
the dependencies of the photoresponse on the
azimuthal angle α and the difference between
polarity and magnitude of the photocurrent ex-
cited by right- and left-handed circularly po-
larized radiation. To vary the radiation polar-
ization state we used room-temperature crystal
quartz lambda-half and lambda-quarter retar-
dation plates. In the former case rotation of
the lambda-half plate results in the change of
the first two Stokes parameters as following:
PL1(α) = cos 2α
and
PL2(α) = sin 2α,
where α is the azimuth angle defining rotation
of the radiation electric field vector E with re-
spect to the x-direction. In the latter case, for
the angle ϕ between initially linearly polarized
laser radiation and the optical axis (fast direc-
tion) of the plate being equal to ϕ = 45◦ and
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Figure 4: Panel (a): Dependence of the longitudinal resistance Rxx on the gate voltage Ug for
various temperatures between 1.5 and 100 K. Panel (b): Dependence of the peak height for the
resistance peaks at the charge neutrality point at Ug = 0 (black curve) and the first oscillation
peak at Ug ≈ −1 V as a function of the temperature. The peak height was calculated according to
∆Rxx = Rxx − 〈Rxx〉, where 〈Rxx〉 denotes the non-oscillating background obtained by a 65-point
FFT smooth.
135◦ we obtained right- and left-handed circu-
larly polarized radiation. Under these condi-
tions the parameters PL1(ϕ) and PL2(ϕ) become
zero, and the circular photocurrent can be cal-
culated as a difference of the photoresponses
obtained for ϕ = 45◦ and ϕ = 135◦. Note that
for this setup the Stokes parameters vary with
the angle ϕ as33,39 :
PL1(ϕ) = (cos 4ϕ+ 1)/2,
PL2(ϕ) = sin(4ϕ)/2
and
Pcirc = sin 2ϕ .
Magnetotransport experiments. Fig-
ure 4 (a) shows the gate voltage dependence
of the twisted bilayer graphene resistance ob-
tained at different temperatures. To continu-
ously tune the Fermi energy in our system we
apply a gate voltage Ug to the graphite back
gate. Note that for different sample cooldowns,
the CNP can occur at slightly different gate
voltages. This is caused by, e.g., cooldown de-
pendent charge trapping in the insulator. The
low temperature data clearly show oscillations
of the longitudinal resistance Rxx, which vanish
with the increase of temperature. The temper-
ature dependence of the resistance peak height
is shown in Fig. 4(b) .
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